S U M MARY The mode of anaesthesia used during pneumoencephalography has a significant effect on the size of the cerebral ventricles 24 hours after the procedure. Post-encephalographic ventricular enlargement is less marked in patients examined under nitrous oxide anaesthesia. This appears to be related to passage of the gas into the ventricles during the encephalogram, and subsequent diffusion outwards. Variations in arterial carbon dioxide tension during the anaesthesia do not contribute significantly to changes in ventricular size. However, both hyperventilation and inhalation of nitrous oxide may cause apparent increase in size of the cerebral sulci. Moseley and Sondheimer (1975) analysed the changes in size of the lateral ventricles seen after pneumoencephalography in 150 patients, of whom the large majority (142) were examined using local anaesthesia. Nitrous oxide was used as the anaesthetic agent in two of the remaining cases. The findings indicated that increases in ventricular size occurring at 24 hours were more directly related to the presence of a diseased brain or to a disturbance of the cerebrospinal fluid dynamics (particularly the latter) than to the volume of air injected, the age of the patient, the presence of air in the subdural space, or a history of head injury. The present study extends this analysis to a group of patients examined under general anaesthesia, and describes an investigation into possible explanations of the differences observed.
Materials and methods

COMPARISON OF LOCAL AND GENERAL ANAESTHESIA
The encephalograms of all patients in whom satisfactory radiographs had been obtained at 24 hours or longer after the injection of air performed at the National Hospital, Queen Square from 1959 to 1976 were reviewed. All these patients had undergone general anaesthesia, with inhalation of nitrous oxide in approximately 70% concentration.
The procedure was otherwise identical to that described by Moseley and Sondheimer (1975) , except that in most of the earlier examinations the somersaulting chair had not been available.
Ventricular mensuration was limited to the LeMay index (LeMay, 1967) , on radiographs obtained during the encephalogram (usually towards its conclusion), 24 hours later, and at further intervals where possible. The reasons for the choice of this single index were discussed by Moseley and Sondheimer (1975) .
VARIATIONS IN ARTERIAL CARBON DIOXIDE TENSION
Twelve patients undergoing pneumoencephalography for the investigation of suspected intracranial diseases were anaesthetised in the manner adopted as routine in this hospital: atropine, 0.6 mg was given as premedication; the patients were preoxygenated, and the standard doses of methohexitone and suxamethonium were given for induction of anaesthesia and orotracheal intubation. Anaesthesia was maintained with 0.5% trichloroethylene and 33% oxygen in nitrous oxide. Intermittent positive pressure respiration with pancuronium as a muscle relaxant ensured that ventilation was adequate and remained constant.
The encephalogram was then carried out in the usual way, as dictated by the clinical problem and the radiological findings. At the end of the routine portion of the study, with the patient in the 'browup' position, the end-expired CO2 percentage was measured, using an infra-red analyser (Capno-1033 graph) . The blood pressure was recorded, and an anteroposterior radiograph of the whole head obtained.
Arterial PCO2 was then altered by changing the CO2 concentration in the inspired gas (increasing it in nine cases and decreasing it in three), and when the end-expired CO2 reading had been stable for from three to 10 minutes, the blood pressure was again recorded and a further radiograph obtained. The inspired gas mixture was then returned to its original composition and, after a further period of stabilisation, a further radiograph, accompanied by a blood pressure reading, was obtained. Neither the patient nor the radiographic apparatus was moved between the exposures.
Mensuration The LeMay index was measured on each of the three radiographs. An attempt was also made to assess the width of such cerebral sulci as were clearly visible on all three radiographs of each patient. A 0.1 mm graticule was used to make these measurements and, whenever possible, three sulci from each hemisphere were assessed; the 'mean sulcus diameter' was the mean width of the sulci measured on any one radiograph.
EFFECTS OF NITROUS OXIDE INHALATION
Ten patients undergoing pneumoencephalography were anaesthetised as described in the previous section, except that the anaesthetic machine had been modified so that the patients could be ventilated with a mixture which was largely air: not less than 0.5% trichloroethylene and 33% oxygen in nitrogen.
The encephalogram was carried out in the usual way, and at the end of the first 'brow-up' series, an anteroposterior radiograph of the whole head was obtained, and the blood pressure recorded. The inspired gas mixture was then changed to 33% oxygen in nitrous oxide, without changing the trichloroethylene concentration or the minute volume ventilation; the latter was checked with a respirometer.
Further anteroposterior films of the head were obtained at intervals up to 20 minutes, without any movement of the patient or the radiographic apparatus. The encephalogram was then continued. At its termination, with the patient once again in the 'brow-up' position, another radiograph was obtained, the inspired gas mixture was returned to its original composition-that is, the nitrous oxide was discontinued-and a further series of films exposed, as before, up to 15 minutes.
A further 10 patients were subjected to routine pneumoencephalography using nitrous oxide throughout.
Mensuration Measurements were made of the The width of the sulci decreased with elevation of the PaCO2 in five of the seven cases in which measurements were possible, and in three of these it subsequently increased when the PaCO2 was lowered (Fig. 1) . The responses to changes in PaCO2 were, however, rather variable, and as a result the overall figures are not statistically significant.
Patients in whom the PaCO, was initially lowered also showed little or no change in ventricular size as a result of a mean fall in PaCO, of approximately 12 torr (Fig. 2) . Measurement of the sulci was possible in two of the three cases, and although both of these showed an increase in the diameter of the sulci, which reversed when the PaCO2 was restored to its original level, the small number of observations are of necessity without statistical significance.
Lateral ventricles (Fig. 3 ) In all but two cases there was an increase in size of the lateral ventricles after addition of nitrous oxide to the inhaled gas mixture, although in no case did the increase exceed 5.5%, and, with the exception of the two cases measured at about 20 minutes (which were already the two cases showing the greatest increase in size), the results did not attain statistical significance (Table 8) .
Six of the 10 cases showed a small decrease (maximum 7.0%) in the size of the lateral ventricles after withdrawal of nitrous oxide from the inhaled gases. Again, the results were significant only at a low level (Table 9 ). Third ventricle (Fig. 4 third ventricular size, however, and the results were, therefore, not statistically significant (Table  10) . When nitrous oxide inhalation was discontinued, the responses were more variable, but five cases showed a definite sustained decrease in size; the spread of the results once again rendered them non-significant (Table 11) The ventricles of the 'experimental' (air/nitrous oxide/air) group showed a further small increase in size from the initial series of films to the final series, whereas the 'control' (nitrous oxide throughout) group had slightly smaller ventricles at the end of the examination (Table 12) . Although the results did not achieve a high level of significance, they suggest a progression of ventricular enlargement in the 'experimental' group. The volume of gas injected and time elapsed between the two sets of radiographs was similar in the two groups. There was no gas in the third ventricles of half the patients in the 'control' group at the end of the examination. A difficulty encountered after discontinuation of nitrous oxide inhalation was that the quantity of gas in the sulci decreased so rapidly that it became impossible to measure an acceptable number of sulci in more than six patients, and even in these, only one set of measurements could be made after 10 minutes (Table 14) . However, four of the cases showed an apparent decrease in size of the sulci, which was progressive, up to 33.3% of the maximum diameter. B. That when local anaesthesia is used: (i) during pneumoencephalography (a) the brain swells or (b) the ventricles collapse, or both occur; (ii) after encephalography (a) the ventricles expand or (b) the brain shrinks, or both occur.
Data are available concerning some of these suggestions, and others may be considered from the theoretical viewpoint.
Reduction of cerebral volume under general anaesthesia Several groups of workers have noted that general anaesthesia tends to favour non-filling of the ventricles at encephalography, and Bohn (1937) showed that this could be counteracted by an osmotic diuresis. Reduced cerebral volume as a result of general anaesthesia per se, therefore, seems unlikely; furthermore, it has been shown that changes occur suggesting increased cerebral blood flow and volume during general anaesthesia (McDowall et al., 1966) , while pneumoencephalography under local anaesthesia reduces cerebral blood volume (Voigt and Greitz, 1976) . It has been suggested that shrinkage of the brain may occur when patients are hyperventilated during pneumoencephalography (Bernini et al., 1973) , and, if correct, this would be in agreement with the considerable reduction in cerebral blood flow and volume which McHenry et al. (1965) showed to occur after only a few minutes of vol- Saidman and Eger (1965) , who showed that in both dogs and humans administration of nitrous oxide in routine anaesthetic concentrations caused the lumbar cerebrospinal fluid pressure to rise by more than 30 mmHg when air was present in the subarachnoid space; this rise did not occur in the absence of subarachnoid air. Gordon and Greitz (1970) confirmed these findings: they found that the lumbar pressure rose when air was injected, even with the patients breathing air, but in nine of 11 cases it rose again much more sharply when nitrous oxide inhalation was begun; the two remaining patients had large ventricles. The rise in pressure occasioned by air injection was greater than normal if the patients were already breathing nitrous oxide; if, however, nitrous oxide was used as the contrast medium, subsequent inhalation of the gas produced no pressure change. The elegant studies of Philippart et al. (1968) had shown that: (i) injection of air into the cerebrospinal fluid spaces in patients under nitrous oxide anaesthesia caused a larger and more consistent rise of pressure than a similar injection while the patients were breathing air; (ii) a gradual fall in pressure followed this initial increase; and (iii) the pressure could be maintained at the immediate post-injection level by withdrawal of cerebrospinal fluid, and that the amount of fluid required to achieve this was approximately equal in volume to the air injected when the latter was confined to the subarachnoid space, but only about 25% of the injected volume when the air was wholly intraventricular.
Campkin and Turner (1972) noted that the increase in cerebrospinal fluid pressure produced by air injection under nitrous oxide anaesthesia was greater when patients were hypercapnoeic.
The explanation offered for these observations hinges on the much greater solubility of nitrous oxide as compared with nitrogen (by a factor of 34, according to Mallamo et al. (1975) ). The contrast medium (air) is effectively 80% nitrogen and 20% oxygen. Nitrous oxide is used as an anaesthetic agent in Great Britain in high concentration -66% in the present study and most of those described here-although it is common to use it in 'analgesic' concentration (about 50%) in the United States. The gas dissolves very rapidly in the blood and thence diffuses into the nitrogen and oxygen filled ventricles and subarachnoid space, where its initial partial pressure is zero. Indeed, so soluble and diffusible is it that its use has been shown to cause overinflation of the air-filled cuffs of latex endotracheal tubes (Stanley et al., 1974) . Philippart et al. (1968) suggested that the cerebrospinal fluid compartment is 'effectively indistensible', and explained the rise in pressure they observed as a direct result of this. Mallamo et al. (1975) described considerable increase in size of a subdural air bubble remaining after a craniotomy while the patient was maintained under anaesthesia with 50% nitrous oxide. Gas embolism via ventriculoatrial shunts was described in two cases having air in the cerebral ventricles by Paul and Efyects of general anaesthesia on size of cerebrospinal fluid spaces Munson (1976) ; in one of these a cardiac murmur due to the gas in the shunt could be reproduced at will by reintroducing nitrous oxide to the inhaled gases!
The subsequent fall in pressure while the patients continued to breathe nitrous oxide was attributed by Philippart et al. (1968) either to a slow diffusion of nitrogen from the injected air into the denitrogenated blood or to a reduction in the intracranial blood volume. In the light of our observations, the former is perhaps more likely; it should be noted that in the present series the (control' group, who were breathing nitrous oxide throughout the procedure, showed a tendency to reduction in size of the ventricles.
The one example of the effects of withdrawal of nitrous oxide from the anaesthetic gases illustrated by the Belgian authors (their Fig. 3) shows a clear reduction in the apparent size of both the cerebral sulci and the lateral ventricles. In the same way as it diffuses rapidly from the blood into the gas bubbles in the cerebrospinal fluid, nitrous oxide can pass rapidly out again. Thus, Aird (1933) noted that after encephalography in the dog, whereas injected air was present for about seven days, nitrous oxide was no longer visible after two to three hours. Bergstrom et al. (1967) used a nitrous oxide/oxygen 3: 1 mixture as both anaesthetic and contrast medium. About 90% (including probably all the nitrous oxide) was absorbed in five hours, and the remainder over the next two days. These workers also noted that absorption was slower when all the gas was within the ventricles (the corollary of the observations of Philippart et al. (1968) ). It might, therefore, seem desirable to use an anaesthetic gas as the contrast medium in encephalography, but apart from the technical problems, there are other possible hazards: Collan and Iivanainen (1969) reported a patient with markedly enlarged ventricles whose collapse during reversal of anaesthesia after an examination conducted in this way was attributed -on rather slender grounds-to overly rapid elimination of the gas from the ventricles.
Swelling of the brain after general anaesthesia There is no evidence that the brain swells after anaesthesia. Several workers have indicated that brain swelling occurs in experimental animals after exposure of the cerebral cortex to air (see Moseley and Sondheimer (1975) for discussion of this problem), but if this were the cause it would not explain the observed differences between local and general anaesthesia. Ventricular shrinkage after general anaesthesia Such a decrease in the size of the ventricles-or a shrinkage relative to the increase in size seen after pneumoencephalography under local anaesthesia-could result from either the resorption of nitrous oxide from the ventricles when exposure to the gas ceases at the end of the examination (a suggestion supported by the observations of Philipart et al. (1968) , Collan and livanainen (1969) and the present work), or from 'leaching out' of gases from the intracranial bubbles when the patients are given a high concentration of oxygen to breathe, as they frequently are during recovery from anaesthesia. That the latter phenomenon does occur was demonstrated by Schwab et al. (1937) and by Hauke et al. (1967) ; however, it seems to affect mainly the gas in the subarachnoid space, and not that in the ventricles (Holt, 1937) . A further objection to the latter suggestion is that a substantial number of patients are not given oxygen after general anaesthesia, while many of the patients recovering from pneumoencephalography under local anaesthesia are also given oxygen.
The suggestion that the continued presence of gas in the ventricles is responsible for their enlargement is borne out by the observations of Moseley and Sondheimer (1975) that when patients are followed up for periods of longer than 24 hours, as the quantity of gas within them decreases, the ventricles show a progressive diminution in size.
Brain swelling during pneumoencephalography under local anaesthesia As stated above, the available evidence suggests that brain swelling is more likely to occur under general anaesthesia. Hypoventilation can, of course, occur in sedated patients, but although the effects of this have not been assessed, the present studies do not indicate that it would be an important consideration. The serial studies of Moseley and Sondheimer (1975) , in which the ventricles tended to return to the size of the first day, suggest that the latter was not artificially small.
Ventricular collapse under local anaesthesia
Although there is considerable evidence that the ventricles dilate as air is injected (Koschewnikow, 1926; Robertson, 1946; Oberson et al., 1969; Lim et al., 1972; Probst, 1973) , some workers claim to have shown that they subsequently become smaller (Jirout, 1956 , Petrov, 1966 , 0igaard, 1971 Probst, 1972) . Subdural haematomas have been reported complicating pneumoencephalography (see Moseley and Pilling (1976) for bibliography), which may suggest that such a shrinkage occurs, although they could also be related to shrinkage of the cerebrum. If the tendency to ventricular collapse were not resisted-by diffusion of gas into the ventricles during the procedure, for examplethis could cause a reduction in ventricular size, but there is no reason why it should be temporary. Evidence from direct intracranial recording during pneumoencephalography, however, indicates that the pressure is raised even under local anaesthesia (Cronqvist et al., 1963) and not lowered, as would be expected if ventricular collapse were to occur.
Gawler et al. (1976) , comparing the Evans's ratio (Evans, 1942) as seen at pneumography with that derived from computerised tomography (EMI scanning) of the same patients, found that ventricles of normal size appeared slightly larger on the air study, supporting the suggestion that the ventricles had dilated as a result of the introduction of air; they even noted focal dilatation of a portion of the lateral ventricles containing air in some cases studied by computerised tomography in the days after pneumography. When the ventricles were abnormally large, however, they appeared slightly smaller at pneumography than at computerised tomography, raising the possibility of some ventricular collapse. Three-quarters of the contrast studies had been carried out under general anaesthesia, but it it possible that these differences would have been more marked under local anaesthesia.
Active ventricular expansion after pneumoencephalography This would appear, on the previously available evidence, to be the most likely cause of the increase in size of the ventricles. Such imperfect knowledge as we have of the mechanisms involved (Moseley and Sondheimer, 1975; Voigt and Stoeter, 1975) casts no light on the differences observed with different modes of anaesthesia. It does, however, seem clear that the volume of gas remaining within the ventricles is of fundamental importance, and as this is effectively decreased by the outward diffusion of gas that occurs at the termination of nitrous oxide anaesthesia, this would seem to be the most likely explanation for the differences.
Shrinkage of the cerebrum Although Voigt and Greitz (1976) (1971) found that the cerebrospinal fluid was more alkaline after encephalography; although perfusion of the cerebral ventricles with alkaline fluid decreases central cerebral blood flow (Pannier et al., 1971/2) , there is no apparent reason why this should be more marked after local anaesthesia.
CHANGES IN THE CEREBRAL SULCI
The changes in cerebral blood flow and yolume produced by hyperventilation (McHenry et al., 1965) are associated with a diminution in intracranial tension (Bozza Marrubini et al., 1964) . The present observations that a lowered PaCO2 (the PaCO2 being directly proportional to the endexpired CO2 concentration, in the absence of significant pulmonary disease, so that although the figures may not be precisely the same, the degree of change should correlate closely) was associated with an increase in the diameter of the sulci in seven out of nine cases-reversible in five-while the ventricles did not change in size, suggest that the effects of hyperventilation may be more marked on the cerebral cortex than on the white matter. This would correlate well with the known characteristics of cerebral blood flow and volume, both of which are greater in the grey matter than in the white (Wilkinson et al., 1969) ; it is also clear that the variations in blood flow and volume are greater in the grey matter (Iliff et al., 1974) . Furthermore, not only is the superficial portion of the cerebrum composed of grey matter (while the frontal horns, at least, of the lateral ventricles are surrounded by white matter), but the actual surface of the brain is covered by blood vessels which react significantly to changes in PaCO2; if the amount of blood in the vessels lining a sulcus decreases, the volume of cerebrospinal fluid (or air) within the sulcus may increase. General anaesthesia with nitrous oxide, as used in the present studies, renders the cerebral vessels more reactive to changes in PaCO2 (Iliff et al., 1976) , although the mechanisms involved are unknown.
In this context it is of some interest to note that while Evans (1942) found no change in the size of the lateral ventricles when children were given 50 ml of 50% sucrose intravenously 24 hours after pneumoencephalography, Jirout (1956) was able to observe 'dilatation and blurring' of the subarachnoid space in 84% of 127 adults given 80 ml of 40% glucose; he did not comment on the size of the ventricles.
Our data on the effects of nitrous oxide inhalation in causing enlargement of the gas bubbles in the sulci confirm earlier suggestions that this occurred. Some caution must be exercised, however, in extending this to infer that the size of the sulci actually changed. Accurate measurement is very difficult, partly because of the small size of the structures involved, but also because, since the walls of the sulci are often not parallel in the plane perpendicular to the overall surface of the brain, there is marked partial-volume effect. The complex form of the sulci also explains a further problem, which may be the most significant; a sulcus in which the cerebrospinal fluid in a wider, more superficial, or deeper portion than that initially filled is subsequently replaced by gas may appear to become larger, without any true change in the size of the solid structures in the vicinity. When the nitrous oxide was withdrawn from the anaesthetic mixture, many sulci apparently disappeared completely; it may be that, as the gas within them was absorbed, their sides became approximated, but it seems more likely that, at this stage, all the remaining gas within the sulci was nitrous oxide, which then redissolved in the cerebrospinal fluid.
Even when these caveats are taken into account, the sulci certainly do appear to increase in size as the nitrous oxide diffuses into them, and subsequently to decrease in size. The much more obvious changes occurring in the subarachnoid space than in the ventricles are probably related to the very different volume to surface area ratios of the large gas bubbles in the ventricles and the multiple small bubbles in the convexity cerebrospinal fluid spaces. The greater surface vascularity of the cortex as compared with the ependyma may also be significant. Whatever the mechanism, it has been recognised since the earliest days of encephalography that the air was absorbed much more rapidly from the surface of the brain than from the ventricles; this was quantitated in different disease groups by Aird and Zealear (1951) . The present observation that the ventricles did not become larger as the extracerebral air was resorbed tends to confirm the earlier suggestion of Moseley and Sondheimer (1975) that this differential absorption was not the cause of postencephalographic ventricular enlargement, as suggested by Paul and Erickson (1946) .
Conclusion
Expansion of the lateral ventricles after pneumoencephalography is less marked when the study is conducted under general anaesthesia with nitrous oxide than when local anaesthesia is used. This appears to be related to a slight expansion of the ventricles caused by the diffusion of nitrous oxide into the air within them during the procedure, and to rapid resorption of the gas when inhalation of nitrous oxide ceases.
